are the most common. These fractures through the base of the odontoid process are unstable and unlikely to heal without intervention, especially in patients with the following risk factors: age over 50 years, displacement of the dens greater than 5 mm relative to the C-2 body, angulation greater than 10°, translation greater than 4 mm, and failure to maintain alignment with external mobilizaabbreviationS AP = anterior-posterior; EBL = estimated blood loss; PEG = percutaneous endoscopic gastrostomy. 3 Department of Neurosurgery, Philadelphia VA Medical Center, Philadelphia, Pennsylvania obJective As odontoid process fractures become increasingly common in the aging population, a technical understanding of treatment approaches is critical. 3D image guidance can improve the safety of posterior cervical hardware placement, but few studies have explored its utility in anterior approaches. The authors present in a stepwise fashion the technique of odontoid screw placement using the Medtronic O-arm navigation system and describe their initial institutional experience with this surgical approach. MethoDS The authors retrospectively reviewed all cases of anterior odontoid screw fixation for Type II fractures at an academic medical center between 2006 and 2015. Patients were identified from a prospectively collected institutional database of patients who had suffered spine trauma. A standardized protocol for navigated odontoid screw placement was generated from the collective experience at the authors' institution. Secondarily, the authors compared collected variables, including presenting symptoms, injury mechanism, surgical complications, blood loss, operative time, radiographically demonstrated nonunion rate, and clinical outcome at most recent follow-up, between navigated and nonnavigated cases. reSUltS Ten patients (three female; mean age 61) underwent odontoid screw placement. Most patients presented with neck pain without a neurological deficit after a fall. O-arm navigation was used in 8 patients. An acute neck hematoma and screw retraction, each requiring surgery, occurred in 2 patients in whom navigation was used. Partial vocal cord paralysis occurred after surgery in one patient in whom no navigation was used. There was no difference in blood loss or operative time with or without navigation. One patient from each group had radiographic nonunion. No patient reported a worsening of symptoms at follow-up (mean duration 9 months). conclUSionS The authors provide a detailed step-by-step guide to the navigated placement of an odontoid screw. Their surgical experience suggests that O-arm-assisted odontoid screw fixation is a viable approach. Future studies will be needed to rigorously compare the accuracy and efficiency of navigated versus nonnavigated odontoid screw placement.
tion. 12 Although the most appropriate means of fixation remains debated, 7 most choose to treat the majority of Type II odontoid fractures surgically to reestablish the stability of the atlantoaxial complex and to restore alignment to promote healing. 23, 24 Unstable Type II odontoid fractures may be surgically treated through several approaches. Gallie-and Brookstype fusions 5, 10 are forms of posterior sublaminar C1-2 wiring that require intact C-1 and C-2 arches, and they may be combined with a C1-2 transarticular screw fixation 13 to reduce rotational movement. An alternative is the Harms-type fusion, which involves placement of C-1 lateral mass and C-2 pars or pedicle screws joined by rods. 14 Finally, an odontoid screw is well suited for fractures in which a fracture line in an anterosuperior to posteroinferior orientation. 4 Anterior fixation has the benefits of being an osteosynthetic technique that provides fixation directly across the fracture site and preserves normal C1-2 rotational motion that is lost when posterior C1-2 fusion is performed. 3, 18 For the success of all of these techniques, accurate and safe screw placement is required, but this can be difficult in the setting of trauma.
Several groups have therefore increasingly employed intraoperative 3D image guidance via the O-arm (Medtronic, Inc.) or Airo (Brainlab) system combined with a surgical navigation system and optical tracking of instruments, as adjuncts to hardware placement in spine surgery. 9, 15, 19, 20, 27 Such adjuncts are meant to increase the safety and accuracy of screw placement. While there have been reports of Oarm navigation for posterior fixation in the upper cervical spine, including C-1 lateral mass, C-2 pars, pedicle screws, and laminar screws, 11, 16 no studies are devoted solely to the study of anterior fixation for odontoid fractures. Thus, the purpose of this paper is to present in a stepwise fashion the technique for odontoid screw placement using the O-arm surgical navigation system. In addition, we describe our surgical experience in treating patients with O-arm navigation, along with illustrative cases, to demonstrate nuances of the technique and to provide an initial assessment of its relative safety and effectiveness.
Methods
A standardized protocol for navigated odontoid screw placement was generated from the collective experience of all authors. We retrospectively reviewed data for all consecutive patients undergoing odontoid screw fixation for Type II dens fracture at a single academic medical center between 2006 and 2015. Patients were identified from a prospectively collected institutional database on spine trauma. The study was approved by the Institutional Review Board of the University of Pennsylvania, and a waiver of consent was obtained. The following variables were extracted from the medical record: demographics, mechanism of injury, presenting symptom, preoperative neurological status, use of intraoperative O-arm and navigation, estimated blood loss (EBL), procedure time, surgical complications, discharge destination, and symptoms and neurological status at the time of most recent followup. All pre-and postoperative imaging studies were reviewed. The decision to use the O-arm system was based on surgeon preference and availability of the technology. Surgical procedures were performed as described below. Fusions were assessed by standing plain anteroposterior (AP) and lateral radiographs at the time of follow-up, and CT scanning of the cervical spine was performed for any patient with clinical symptoms or suspicion of nonunion. Patient follow-up status was obtained at the time of most recent office visit. A standardized descriptive system, the EQ-5D, was applied retrospectively to assess healthrelated quality of life states in all patients. It consisted of 5 dimensions-mobility, self-care, usual activities, pain/ discomfort, and anxiety/depression-and each dimension was graded from 1 to 3, with an increasing number corresponding to an increasing level of severity. Descriptive statistics were used to characterize the patient population and outcomes.
Surgical technique

Positioning
Following fiberoptic intubation on a hospital bed or stretcher, a radiolucent Mayfield skull clamp is applied with bilateral pins located two fingerbreadths above the pinna and in line with the tragus. The patient is then transferred to the flat Jackson table in the supine position. The Mayfield adapter or C-flex ( Fig. 1 ) is used to connect the Mayfield clamp to the table. A rolled towel is placed transversely under the shoulders to extend the patient at the cervicothoracic junction. Using the Mayfield adapter, the head is overall extended to facilitate the trajectory of odontoid screw placement. The crown of the head is then slightly flexed in an attempt to reduce the displaced odontoid tip. Patient positioning in this manner is crucial to enable the proper odontoid screw trajectory to be obtained. The cervical collar is removed. The Medtronic Vertek arm and passive frame are attached to the Mayfield clamp. The final position of the patient is best appreciated by the surgeon standing several feet away from the bed observing the patient from a lateral view (Fig. 2) . Next, the O-arm (Medtronic, Inc.) is introduced (Fig. 3) . It is used to obtain AP and lateral plain radiographs to check the degree of extension. Images are viewed on the StealthStation navigation system (StealthStation S7, Medtronic Inc.), which is positioned adjacent to the patient's head. A radiopaque instrument such as a towel clamp may be taped to the upper chest and lower neck to simulate the screw trajectory. Once positioning is adequate, the O-arm is removed or may be pushed in the cranial direction above the patient's head.
Exposure
The patient is prepared and draped in the usual sterile fashion. The passive frame is covered with a Lahey bag or equivalent and secured with a rubber band. The incision is marked within a skin crease on the anterior neck at the level of the thyroid cartilage corresponding approximately to C5-6. The incision is usually placed on the right side of the neck, although it may be placed on the left side in cases of prior right neck surgery. An incision is made to the level of the platysma, which is then divided using Bovie electrocautery. The platysma is undercut superiorly and retracted with a self-retaining retractor. The dissection is carried down the medial aspect of the sternocleidomastoid muscle using scissors and Debakey forceps. The carotid artery is palpated, and handheld Cloward retractors are used to retract the carotid artery, jugular vein, and vagus nerve laterally while an assistant retracts the trachea and esophagus medially. Dissection is continued down to the anterior aspect of the vertebral bodies and superiorly using blunt dissection. Electrocautery is used to mobilize the longus colli muscles laterally off the anterior surface of the vertebral bodies, taking care to avoid the disc spaces. Shadow-line retractors are used to retract tissue. For localization, a spinal needle is placed in the anticipated C2-3 disc space. The O-arm is covered with the O-arm drape and brought back into the field. AP and lateral plain radiographs are obtained using the O-arm to confirm the appropriate level. A full O-arm spin is then performed to generate CT images. The O-arm is then pushed to the cranial portion of the field.
Screw Placement
The handheld Stealth probe is registered to the Stealth machine. It then is used to determine the starting point for the odontoid screw and its trajectory. The desired screw trajectory may be saved as a plan on the Stealth system. The Midas Rex pneumatic drill (Medtronic, Inc.) with an AM-8 drill bit is used to drill a midline trough in the superior aspect of C-3 and inferior aspect of C-2. The trough is created to accommodate the head of the odontoid screw. A drill guide is placed in the trough, and the drill, which is registered to the Stealth system, is used to drill from the anterior aspect of C-3 vertebral body through C-2 toward the tip of the odontoid process (Fig. 4) . The course of the drill is guided by the planned screw trajectory saved in the navigation system (Fig. 5) . As an additional check, AP and lateral fluoroscopy is performed using the O-arm every 5 mm to ensure in real time that the actual position of the drill matches the planned trajectory (Fig. 6 ). Although this step is not performed uniformly, we recommend it as a safety check, rather than relying solely on the planned trajectory. The built-in ability to obtain AP/ The appropriate screw length is chosen based on the measured length from the inferior aspect of C-2 to the tip of the odontoid process using intraoperative O-arm-generated CT images. A lag screw is favored for reduction of a displaced fracture. The screw is introduced using a screw guide, and it is allowed to find its path. Intermittent AP and lateral plain radiographs are taken using the O-arm to confirm its trajectory. Whereas navigation and fluoroscopy are used during drilling, fluoroscopy alone is used during screw insertion since the planned trajectory is static and does not change in real time. The screw is inserted so that its head is flush with the anterior aspect of the C-2 and C-3 vertebral bodies. Retractors are removed and an O-arm spin is performed after screw placement to confirm its position and reduction of the fracture.
Closure
Hemostasis is obtained. A surgical drain may be placed. The subcutaneous layer is closed with 3-0 Vicryl interrupted sutures, and the skin is closed with a 4-0 Biosyn running subcuticular stitch. The wound is covered with steri-strips, followed by gauze and a Tegaderm. The cervical collar is replaced at the end of the case.
results
We identified 10 patients (3 female, mean age 61) who underwent odontoid screw placement for Type II odontoid fractures at our institution ( Table 1) . Seven of the patients presented with neck pain following a fall, 1 had a history of a mild neurological deficit, and 3 were asymptomatic. The O-arm navigation was used in 8 cases (80%), and fluoroscopy alone without navigation was used in the remaining 2 cases (20%). Repositioning of an odontoid screw was never performed. One patient undergoing O-arm navigation developed an acute neck hematoma requiring surgical evacuation. In another case in which navigation was used, the patient underwent percutaneous endoscopic gastrostomy (PEG) for continued chronic dysphagia, whereas in a case in which navigation was not used, the patient underwent PEG for partial vocal cord paralysis. No significant difference was noted in mean EBL between the two groups; on average, EBL was 42.5 ± 11 ml in nonnavigated cases and 41.4 ± 24 ml in navigated cases (p = 0.95). Although no significant intergroup difference was noted in mean procedural time, there was a trend toward shorter times for navigated cases; odontoid screw placement took a mean of 138 ± 113 mins in the navigated cases versus 199 ± 24 mins in the nonnavigated cases (p = 0.16). In Case 2, in addition to navigated odontoid screw placement, the patient underwent an anterior cervical discectomy and fusion for a fracture and disc herniation at C6-7. The EBL and procedure times specific to odontoid screw fixation for this case were not available, as only composite data for the entire case were reported (total EBL 200 ml, procedural time 195 mins). For navigated cases, no difference was noted when comparing the mean procedural time for the first half of cases to the latter half of cases (p = 0.21). An equal number of patients were discharged to home versus rehabilitation across the entire population.
The mean and median follow-up time was 10.1 and 10.0 months, respectively. One patient from each group had a radiographically documented nonunion. In the case in which navigation was not used, the patient underwent subsequent occipitocervical fusion, whereas the case in which navigation was used, the patient remained asymptomatic. Another occipitocervical fusion was performed in a navigated case for odontoid screw retraction. No patient reported a worsening of symptoms at the most recent follow-up.
illustrative cases case 1
A 57-year-old man fell from a standing position after a syncopal episode and presented to the emergency department with neck pain. His left deltoid muscle exhibited Grade 4/5 strength due to a prior traumatic shoulder injury, and he was otherwise without new neurological deficit. A CT scan of the cervical spine showed an isolated Type II odontoid fracture with 2 mm of posterior displacement and favorable oblique fracture orientation for placement of an odontoid screw (Fig. 7A) . The patient underwent anterior odontoid fixation using the O-arm navigation system following our institutional protocol, without complication. An intraoperative O-arm spin confirmed satisfactory placement of the odontoid screw (Fig. 7B) . The patient was discharged to rehabilitation on the 3rd postoperative day. At the 5-month follow-up, plain radiography of his cervical spine (Fig. 7C) showed good union across the fracture site and his neck pain had resolved.
case 2
A 16-year-old girl presented to the trauma bay after a motor vehicle collision in which she was an unrestrained rear seat passenger with a prolonged extraction time. Associated injuries included pelvic fracture and splenic laceration. CT of the cervical spine showed a Type II odontoid fracture with 2 mm of anterior displacement relative to the C-2 body with an oblique fracture orientation. Following medical stabilization, she underwent O-arm-navigated odontoid screw placement without complication. Sagittal cervical CT scans obtained on postoperative Day 1 showed good screw position. The patient remained asymptomatic from her odontoid fracture. Follow-up CT 15 months after surgery showed solid osseous union of the dens.
case 3
A 77-year-old man with a history of multiple falls from standing presented to the emergency department with neck pain. CT of the cervical spine showed a nondisplaced Type II odontoid fracture. The patient was taken for Oarm-navigated anterior odontoid fixation. A postoperative cervical radiograph showed good screw position. Three days after surgery, the patient developed right-sided neck pain and dysphagia. A CT scan of the neck showed a neck hematoma, and the patient was taken for surgical evacuation of the hematoma. He remained without neurological deficit. At the 1.5-month follow-up, he returned after several falls with severe neck pain. A CT scan showed a displaced fracture of C-2 with the odontoid screw partially extruded into the prevertebral soft tissues anterior to C-3. He was taken for odontoid screw removal and uncomplicated occipitocervical instrumented fusion. His neck pain had improved but was still present 2 months after most recent surgery.
Surgical Pitfalls and alternatives
Several steps may be taken to increase the likelihood of successful O-arm-navigated hardware placement. The Oarm should be focused over the region of interest to ensure optimal image quality. 25 We recommend clamping the passive reference frame directly to the Vertek arm rather than placing it directly on the patient, which increases the risk of frame movement in relation to the patient during surgery. Excessive movement should be avoided in all navigated cases. Also, several surgeons leave the retractor blades in the wound during the O-arm spin to avoid possible movement during reinsertion. Should movement of the reference frame occur or bones across a fracture site shift, especially in the mobile cervical spine, a repeat Oarm spin should be performed whenever there is concern of a possible discrepancy between navigation data and confirmatory anatomical points. Furthermore, the O-arm does not provide continuous real time navigation. For that reason, after planning a trajectory, we recommend intermittent biplanar fluoroscopy using the O-arm at frequent intervals during odontoid screw insertion for feedback on any changes in anatomical alignment of the target. Although the Mayfield clamp is required for registration and navigation purposes, it may hinder intraoperative movements to facilitate fracture reduction. Should intermittent biplanar fluoroscopy show poor fracture reduction, the Mayfield clamp may be loosened to allow for extension or flexion at the neck, and biplanar fluoroscopy may be used to guide the remainder of the screw insertion. Finally, we recommend placing the camera near the head, as the Stealth camera must see both the reference frame and the navigated instruments.
Discussion
Whereas other groups have reported one to two cases of O-arm-navigated odontoid screw placement as part of larger series of C1-2 fractures, 1,6,25 we describe our institutional protocol and report on 8 patients in whom odontoid screw placement was performed using O-arm neuronavigation, which represents the largest series of this type, to our knowledge. The primary objective of the study was to provide a step-by-step guide to the placement of an odontoid screw using O-arm navigation. For exploratory purposes, we examined our early experience with navigated cases compared with nonnavigated cases, noting that a direct comparison between the techniques is highly limited by the case numbers and by the retrospective nature of the study. We did not detect significant differences in complication rates between patients in whom the O-arm was and those in whom it was not used as an adjunct, although our numbers are still small. Similar to other O-arm-assisted studies of anterior odontoid fixation, no screws required immediate replacement. However, as in two other studies involving navigated odontoid screw placement, screw loosening and dislocation into the prevertebral soft tissue was noted in one patient and required posterior occipitocervical fusion. 17, 26 We did not detect a difference in outcome between either group of patients, although our study was not powered to detect such a difference. Despite an institutional, standardized protocol for navigated screw placement, a single surgeon did not perform all cases. Potential variability among the 4 surgeons who performed all procedures in this series, combined with the relatively small sample size, may explain why the procedure duration did not significantly decrease over time following adoption of the O-arm, as it has in other studies. Other groups have demonstrated a learning curve and reductions in procedural time after 7 cases. 29 Additional limitations of our study include its retrospective nature, including the retrospective collection of EQ-5D measures, and lack of randomization. However, our review of our institutional experience and comparisons between navigated and nonnavigated groups was primarily intended for teaching and exploratory purposes.
Using the O-arm with navigation for anterior odontoid screw fixation may offer potential benefits compared with free-hand and fluoroscopy-based techniques, based on the prior literature for screw placement in other parts of the spinal column. For the patient, advantages of the O-arm include increased accuracy of screw placement 8, 11 and the ability to perform an intraoperative CT to confirm the location of screw placement. 18 Immediate correction in the operating room may be performed rather than during a subsequent surgery. For the surgeon, the O-arm may be used at the start of the case to guide reduction of the fracture and subsequent positioning, as well as to virtually plan the entry point and screw trajectory. Based on distortion of bony anatomy due to fracture, the trajectory can be altered during the procedure as well. 6 In addition, the O-arm offers ease in flipping between AP and lateral fluoroscopy and an increased ability to visualize the tip of the dens. For both the patient and the surgical team, other authors have reported a decrease in fluoroscopy time and ionizing radiation exposure when using intraoperative navigation systems compared with fluoroscopy alone.
28
Several case series document the safety of navigated odontoid screw placement using precursors to the O-arm and suggest possible improved outcomes compared with conventional techniques. The majority of studies have compared fluoroscopy-based techniques to the Iso-C system, which is a precursor navigation system that generates a 3D reconstruction of fluoroscopic images obtained from a modified C-arm system. 25 For instance, Martirosyan et al. compared biplanar fluoroscopy -guided anterior screw fixation of odontoid fractures in 25 patients with Iso-Cguided anterior screw fixation in 26 patients. Surgical complication rates and clinical outcomes were also similar between the groups. Rates of fusion across the fracture site were higher and duration of surgery was lower in the Iso-C group compared with the biplanar fluoroscopy group, although the findings did not reach statistical significance.
18
In another study of 29 patients undergoing Iso-C-assisted odontoid screw placement versus historical controls using conventional fluoroscopy, similar rates of fusion, complications, and favorable outcomes were observed. 28 Shorter fluoroscopy times were observed in the Iso-C group (42.9 seconds) as compared with the historical controls (68.1 seconds) with no difference in overall operative times. In 3 additional cases series using Iso-C, 17, 26, 29 no screw revisions were required, although one study reported 3 minor breaches that were clinically silent. Taken together, studies with Iso-C confirm the findings of our study that navigation results in no increase in complications and may offer several improvements compared with fluoroscopic techniques.
The accuracy and safety of O-arm navigation as an adjunct in anterior odontoid screw fixation is demonstrated in larger studies evaluating the O-arm in the treatment of C1-2 fractures in which patients with Type II odontoid fractures are a subset. In a series of 17 patients with C1-2 traumatic fractures, 2 patients underwent O-arm-navigated odontoid fixation. Intraoperative CT scans showed that 92.6% of all screws were correctly placed, with a single screw requiring correction. No vascular injury or implant failure was observed, and both odontoid screws showed no perforation or need for replacement. 6 In another mixed series, 2 of 25 patients underwent odontoid screw placement by the O-arm, and again there was no screw misplacement or canal breaches. 1 Finally, in a cohort of spine trauma patients undergoing O-arm-assisted navigation for screw placement, no patient had iatrogenic neurovascular injury or required screw revision, whereas the revision rate was 1.2% in the nonnavigated group. 25 Two patients in the cohort successfully underwent O-arm-navigated odontoid screw placement.
Despite the safety and effectiveness of O-arm navigation for odontoid screw placement, its use may be associated with several obstacles. First, the O-arm is large and more expensive than C-arm systems and requires institutional accommodations for its use. 16, 18 Use of the O-arm is associated with a learning curve, and O-arm set-up time may initially be greater than conventional systems; however, institutional familiarity with the technology will likely lead to reductions in preparation times. For instance, we noted a trend toward shorter times for navigated versus nonnavigated cases. Furthermore, radiation exposure to the patient and operative team during the initial O-arm spin and subsequent acquisitions is a continual concern. Such exposures can be reduced by not repeating a formal postoperative CT scan unless clinically indicated and by the surgical team leaving the room during image acquisition. In addition, the O-arm currently relies on optical tracking, which can lead to line-of-sight issues between the camera and the instruments. Although electromagnetic tracking is available, its role is currently limited in spine surgery due to interference generated by the metallic hardware being placed. Finally, although the use of navigational adjuncts can help to guide screw placement and avoid injury to surrounding structures, rates of screw misplacement are not reduced to zero. Thus, the O-arm is meant to complement screw placement technique and is not a substitute for an intimate understanding of surgical anatomy or surgeon experience.
conclusions
As odontoid fractures become increasingly common among the aging population, 21 a technical understanding of surgical treatment options, including anterior odontoid screw fixation, is critical. We present in a step-by-step fashion our standardized protocol for the use of O-arm navigation as an adjunct to anterior screw fixation of Type II odontoid fractures, along with illustrative cases. Based on our initial surgical experience with and without O-arm navigation, complication rates and outcome following anterior odontoid fixation did not appear to be noticeably worse among navigated screw cases compared with nonnavigated cases. Also, there was no significant difference between EBL and procedural times between the groups. Such retrospective studies are needed to establish safety prior to adoption of a new adjunctive technique in a specific patient population. Larger, prospective studies will be better able to determine whether the proposed advantages of O-arm navigation, as seen in posterior cervical fusions, will translate into more accurate and efficient screw placement in patients with odontoid fractures, and, ultimately to improved patient outcomes. 
